Abstract There is a need for identifying chili cultivars with stable amounts of capsaicinoids so that the amount of pungency in the final product can be controlled. Therefore, six cultivars were evaluated for yield and capsaicinoid contents across six environments, four in Thailand and two in Bhutan, ranging from 200 to 1,630 m above mean sea level. Combined analyses showed significant differences among cultivars, environments, and for cultivar by environment interactions for fruit yields, individual capsaicinoid and total capsaicinoid contents. A large proportion (46.1 %) of variation on yield was attributed to environments; however, for total capsaicinoid contents, genotype effect accounted for 74.2 % of variation. Variation due to environment was 5.8 %, while for cultivar by environment interaction was 15.8 %. Cultivar Dallay khorsaney had high capsaicin, dihydrocapsaicin and total capsaicinoids but was very sensitive to environmental changes, and therefore good for specific adaptation. Cultivar KKU-P-11003 with total capsaicinoid contents of 78,721 Scoville heat unit was stable for dry fruit yield, capsaicin, dihydrocapsaicin, and total capsaicinoids with regression coefficients b = 1.06, 1.06, 0.78, and 0.96 respectively. Therefore, KKU-P-11003 was considered suitable for diverse environments. In addition, this result indicates that it is possible to select stable cultivar for capsaicinoid contents.
Introduction
Stability of pungency in fresh chili and in processed chili products is one of the concerns in food industries. The manufacturers can label the food products as hot, medium or low if the specific pungency levels are maintained (Zewdie and Bosland 2000) . Moreover, capsaicinoids use in pharmaceutical and cosmetic industries is increasing. Each of these applications requires a specific level of capsaicinoids. Therefore, there is a need for identifying chili cultivars with stable amounts of capsaicinoids so the amount of pungency in the final product can be controlled. A genotype or cultivar that shows consistent performance across different environments and years for a given trait is considered stable. Although, the pungency characteristic is affected by genotype and environmental factors (Zewdie and Bosland 2000) , cultivar has a major effect (Gurung et al. 2011 ). Therefore, it is possible to select widely adapted stable cultivar for pungency. Plant breeders can selectively develop cultivars with certain ranges of pungency. Partitioning of growing environments to reduce genotype 9 environment (G 9 E) interaction is challenging especially in regions where climatic variation is large. Therefore, evaluation of cultivars by stability parameters across multi-environments is important to identify the consistent performing and high yielding cultivars.
There are several methods developed to assess stability of cultivars across environments. However, each method has its advantages and limitations. Combined analysis of variance (ANOVA) has been used to detect G 9 E interactions and their magnitude. However, this analysis does not provide the measurement of response by individual genotype to environments. Regression technique was proposed by Finlay and Wilkinson (1963) and was improved by Eberhart and Russell (1966) . This is a popular method in stability analysis and has been applied in many crops. Given the limitation of information on the stability of capsaicinoid contents in chili, this study was conducted across six environments to understand the responses and to identify varietal stability on capsaicinoids.
Materials and methods

Plant materials and field experiments
Six cultivars (Table 1) 0 E, at 1,630 m a.s.l). A randomized complete block design with three replications was used in all experiments. The plants were spaced 60 cm between plants, and 50 cm between rows. Standard crop management practices, through nursery to harvest, were followed in all locations. Drip irrigation system was laid out in all the experiments so that soil moisture was not limiting. Environment data such as soil properties, temperature, relative humidity, rainfall and solar radiation were recorded (Table 2) . Four subsequent harvests were done and fruits were sundried for 2 days and then oven dried at 80°C for 12-24 h to obtain the constant dry weight.
Capsaicinoids analysis
Capsaicinoids were extracted and quantified according to the 'short run' method with high performance liquid chromatography (HPLC), and the data was converted to Scoville heat unit (SHU), as described by Collins et al. (1995) . 
Data analysis
Yield and capsaicinoid traits were statistically analyzed for each environment. Error variances were tested for homogeneity with Bartlett's test as described by Gomez and Gomez (1984) . Duncan multiple range test (DMRT) was used to calculate to compare mean differences for significant cultivar and environment effect by using MSTAT-C software (Russel 1994) . Combined analysis of variance was done for six environments according to a statistical model explained by Freeman and Dowker (1973) .
Since there was significant interactions between G 9 E, stability parameters were calculated as suggested by Eberhart and Russell (1966) . Means across environments, linear regression coefficient (b), deviation from regression (Sd 2 ) of genotypes means over environment index were calculated. Regression coefficient (b) value was tested for its difference from 0 and if significant it was tested from 1.
Results
Cultivar by environment interaction
The results of combined analysis of variance for yield and capsaicinoid traits are presented in Table 3 . There were significant differences among cultivars, environments, and for cultivar by environment interactions for all traits. A large proportion (47.9 %) of variation on yield in dry weight per plant was attributed to environments. Source of variation on yield by Cultivar (G) 9 environment (E) and cultivar accounted, respectively, for 19.5 and 19.5 % of the total variation. However, for capsaicinoids high variations due to cultivar were observed for individual and total capsaicinoid contents. Variations due to cultivar were 71.9, 68.7, and 74.2 % for capsaicin, dihydrocapsaicin, and total capsaicinoid contents, respectively.
Environment evaluation
Due to highly significant differences among cultivar by environment interactions, the mean of six cultivars for yield and capsaicinoid traits from each environment was used to rank the environmental effects on each trait as suggested by Finlay and Wilkinson (1963) . Among varieties, KKU-P-11015 produced high mean yield of 174.8 g/plant across six environments, however, it was not significantly different from KKU-11175, Dallay khorsaney and KKU-P-21041 (Table 4) . KK1 in rainy season was the most favorable environment with mean yield of 196 g/plant. Mean yield at Kabesa Bhutan, during rainy season was not Numbers in parentheses are % sum of squares which shows the % of variation a and b shows coefficient of variation due to error (E 9 Rep) and error (E 9 Rep 9 G), respectively ** Significant at P B 0.01 probability level (Table 5 ). However, there was no significant difference between KKU-P-21041 and KKU-P-22006.
Stability for yield and capsaicinoids
Stability parameters for yield and capsaicinoid traits are shown in Table 6 . KKU-P-11003 showed good stability for all traits with b = 1.06, 1.06, 0.78, and 0.96 for dry fruit yield, capsaicin, dihydrocapsaicin, and total capsaicinoids respectively (Table 6 ). It indicates general adaptability in all traits. KKU-P- 21041 with regression coefficient of b = 0.91 and with above average dry fruit yield (location mean yield = 149.3 g/plant) indicated general adaptability for fruit yield. Although, KKU-P-11003 and KKU-P-22006 had regression coefficient for yield of b = 1.06 and 0.94 respectively, their average yield was low, therefore more stable in diverse environments but in general low yielding. KKU-P-11015 gave high yield but had a higher regression coefficient of b = 1.26 indicating that this cultivar performed well under favorable conditions. Dallay khorsaney produced high yield and showed stability (b = 1.08**), but significantly different from 1.0 and high deviation from regression (47.0). This showed that this cultivar is very sensitive to changes in environment. KKU-P-11003 was the only cultivar that showed stability for capsaicinoids. All other cultivars showed b value significantly different from 1.0 and high deviation from regression, indicating high fluctuation in capsaicinoid contents across environments. In KKU-P-22006, capsaicin and total capsaicinoid content were stable i.e. b = 0.96** and 1.08**, respectively. However, it was sensitive for dihydrocapsaicin (b = 1.55**). Dallay khorsaney had the highest of all capsaicinoid traits, but b [ 1 and high deviation from regression. Therefore, this cultivar is considered to be good only for specific locations. KKU-P-11015 showed low coefficient of regression value for capsaicin (b = 0.39**) and dihydrocapsaicin (b = 0.14**). Similarly, KKU-P-11175 showed low regression values for capsaicin (b = 0.50**) and for dihydrocapsaicin (-0.06**). These indicate less responsiveness to changes in environments for capsaicinoids in these two cultivars.
Discussion
Significant G 9 E effects indicated that cultivar responded differently to changes in environments. High proportion of variation on yield was found for the environment effect, therefore more testing sites are needed or the environments in locations need to be controlled (Gill et al. 1984) . Many studies reported that capsaicinoids content is affected by genetic and environment conditions (Iwai et al. 1979; ContrerasPadilla and Yahia 1998; Estrada et al. 1999; Zewdie and Bosland 2000) . Moreover, Harvell and Bosland (1997) reported environment has stronger effect on capsaicinoids. In contrast, we found that cultivar plays a major role in capsaicinoid contents as more than 70 % of the variation was due to cultivar effect although G 9 E were significant. A large source of variation due to genotype was also reported by Zewdie and Bosland (2000) in their study of haploid, F1 hybrid and open pollinated genotypes, in three different environments. However, our cultivars were local varieties from several countries and were grown across six environments. Therefore, even with diverse environments, cultivars had more effect on capsaicinoids than environments.
Since there was significant cultivar by environment interaction it will lessen the usefulness of cultivar mean as single parameter to measure stability (Rasamivelona et al. 1995; Pritts and Luby 1990) . Therefore, stability analyses were done. According to Eberhart and Russell (1966) model, a genotype is considered stable in performance if it has high mean performance, unit regression coefficient, and least deviation from regression. Cultivar with a regression (Pritts and Luby 1990) , our results are comparable on stability. Therefore, KKU-P-21041 is a good cultivar on yield stability. KKU-P-11015 and Dallay khorsaney is good for specific locations as the yield was high and was highly responsive to favorable environments. However, Dallay khorsaney was sensitive to dry season environments. Considering our results on capsaicinoids, three groups of stability was observed for capsaicinoids which corresponds to the pungency level. KKU-P-11003, a medium pungency cultivar with regression values almost equal to one and low deviation from regression performed consistently for fruit yield, individual, and total capsaicinoids across six environments. Therefore, this was the most stable cultivar for capsaicinoids and could be selected for stability of capsaicinoid production. High pungency cultivars; Dallay khorsaney, KKU-P-21041 and KKU-P-22006 showed regression values more than one in most traits and high deviation from regression indicated its adaptation to specific locations. The low pungency varieties; KKU-P-11015 and KKU-P-21041 were least responsive with low regression values indicating more stability although deviations from regression were high. Zewdie and Bosland (2000) also reported high stability in genotypes with low capsaicinoid content and low stability in high capsaicinoid content which corresponds to our results. The result also showed a general tendency that a relatively stable capsaicin contents corresponds to the stable total capsaicinoids. This could be due to higher capsaicin concentration than dihydrocapsaicin. The stability in total capsaicinoids did not mean stability in individual capsaicinoids and vice versa as was observed in KKU-P-22006. This could be because of different gene actions and the inheritance studies reports that different genes are controlling the synthesis of each capsaicinoid (Garcés-Claver et al. 2007 ). However, because of the significant difference from unity and the large deviation from regression we could not conclude stability of other cultivars except KKU-P-11003 which was stable for all characters, across all locations. Since KKU-P-11003 showed good responses and was stable for stability for fruit yield, individual and total capsaicinoids across six environments, it could be a good genetic source for stability in breeding programs for capsaicinoids.
